Background. In a study of normal and abnormal growth of the aorta before birth, high-resolution echocardiographic imaging of the aortic arch in 92 normal fetuses aged 16-38 weeks was used to establish normal values for aortic arch dimensions at varying gestational ages.
T he delineation of cardiac anatomy and physiology in the human fetus has been substantially assisted by the advent of high-resolution echocardiography. As a result, a diverse range of intracardiac abnormalities have been diagnosed prenatally, and normal values now exist for ventricular size and wall thickness, atrioventricular and semilunar valve excursions,1-4 and cardiac flow patterns5-7 in the developing human fetus.
To date, most of the present knowledge of aortic arch growth has been derived from animal studies and postmortem morphometric descriptions in human fetuses All editorial decisions for this article, including selection of reviewers and the final decision, were made by a guest editor. This procedure applies to all manuscripts with authors from the University of California San Diego or UCSD Medical Center. growth in the fetal lamb in relation to the proportion of total cardiac output traversing each segment and hypothesized that similar growth occurs in the human fetus. Other investigators910 have provided measurements and growth curves for the aortic arch obtained at autopsy in human fetuses without cardiac malformations. Echocardiographic measurements of the aortic arch, however, have only recently been attempted in a relatively small population of human fetuses with a limited gestational age range of 23-27 weeks. 9 The purpose of the present study was to establish normal values for aortic arch growth and morphology in the human fetus throughout the second and third trimesters using high-resolution imaging techniques that might assist in the early recognition of aortic arch abnormalities. Methods
Study Population
A retrospective review was performed of cross-sectional echocardiograms obtained from 124 normal fetuses and from five fetuses in whom a prenatal diagnosis of aortic coarctation was confirmed by postnatal echocardiography, angiography, and subsequent surgery. Referral for detailed echocardiographic study was because of a family history of congenital heart disease in 82 cases (including four with coarctation), an incidental abnormality noted on obstetric sonography in 19, evaluation of a possible fetal arrhythmia in 14, and maternal diabetes in 14. Fetal gestational ages were determined from measurements of biparietal diameter using an algorithm for the 50th percentile, previously established by Hadlock et al."1 Studies in which there was poor resolution of the aortic arch and those performed before 16 weeks of gestation were excluded from consideration. With the exception of the five cases with documented coarctation of the aorta, the remaining 92 fetuses had structurally normal hearts both on fetal echocardiography and postnatal clinical examination.
Echocardiographic Measurements
Echocardiographic studies were performed using an Acuson 128 dynamically focused scanner with a 3.5 -or 5.0-MHz linear or sector transducer. From long-axis echocardiographic images of the aortic arch (Figure 1 ), the internal diameter of the aorta was measured at five different positions, independent of the cardiac cycle. Measurements included the largest diameter of the aortic root, the ascending aorta just proximal to the right brachiocephalic origin, the transverse aortic arch distal to the left common carotid origin, the isthmus (proximal descending aorta) immediately distal to the left subclavian origin, and the descending aorta below the entry of the ductus arteriosus ( Figure 2 ). In addition, measurements of the internal diameter of the proximal left common carotid artery6 were also obtained. Measurements were made from still frames printed onto x-ray film at the time of the study, using calipers and a reference grid superimposed on Individual ratios of the aortic root, transverse aorta, isthmus, and descending aorta to the ascending aorta were calculated for each fetus and compared using a paired Student's t test, assuming normal distribution of each data set. The ratio of left common carotid artery to transverse aortic diameter was also calculated for comparison with the five abnormal fetuses. Trends for each of these ratios throughout gestation were determined by linear regression analysis. In view of the small number of abnormal fetuses, comparison of median ratios between these and the normal fetuses was performed using the Mann-Whitney test.
Results

Normal Fetuses
Ninety-two of the 124 initially reviewed normal fetal echocardiograms provided adequate resolution of the aortic arch from which two or more of the measurements could be made. For a number of fetuses, one or more of the six measurements could not be made, as the inner diameter of the vessel was difficult to define and, therefore, these measurements were excluded from the growth curves. The relation between aortic diameter and gestational age for each arch segment is displayed in Figures 3-7 , together with the appropriate correlation coefficients, the lines of best fit, and the third and 97th percentile lines. For each arch segment as well as the left common carotid artery, the internal diameter was found to increase in a linear fashion throughout the second and third trimesters. The mean interobserver difference for all measurements combined was 3.4%, varying from 1.7% for aortic root measurements to 10.9% for left common carotid artery measurements.
The mean ratios of the diameters of the aortic root, transverse aorta, isthmus, and descending aorta to that of the ascending aorta are presented in Table 1 isthmic to ascending aortic ratio and the remaining ratios were highly significant (p<0.001 for each). When all of the above ratios were correlated with gestational age, there was no significant relation present.
Abnormal Fetuses
In five fetuses, a prenatal diagnosis of coarctation of the aorta made between 22 and 34 weeks' gestation was subsequently confirmed. Associated intracardiac abnormalities in these five fetuses included a bicuspid aortic valve (n=2), a large perimembranous ventricular septal defect (n = 1), single ventricle with malposed great vessels (n = 1), and double-outlet right ventricle with a small, posteriorly located aortic root (n= 1).
Superimposed on Figures 3-7 In each of the five fetuses with coarctation, the ratio of the left common carotid artery diameter to that of the transverse aorta was larger than that of any of the remaining 92 normal fetuses (.0.73 versus <0.62), and the difference in mean ratios between these two groups was highly statistically significant (0.77 versus 0.48, respectively,p<0.001). In each of four abnormal fetuses in whom these measurements were available, the transverse/ascending aortic and isthmic/ascending aortic ratios tended to be at the lower limit of normal and the descending to ascending aortic ratio approached the upper limit of normal, but despite a modest statistical difference in ratios between these and the remaining 92 fetuses, there was still some degree of overlap present.
Discussion
In this study, high-resolution echocardiographic imaging was used to provide normal mean internal diameters together with third and 97th percentiles for different segments of the developing human aortic arch at gestational ages ranging from 16 weeks to term. From the present data, growth of all portions of the aortic arch appears to be linearly related to gestational age. This is consistent with the postmortem observations of Van Meurs-van Woezik et al,10 who related growth of aortic arch segments to body length in fetuses aged 21 weeks or more.
The present results suggest that there is progressive tapering of the aortic arch at all gestational ages that In previous necropsy studies, the size of the normal human aortic isthmus was found to be variable. Van Meurs-van Woezik et al'0 noted significant isthmic narrowing in 10 of 21 perinatal cases, with a ratio of isthmic to descending aortic diameter that varied from 0.24 to 0.56, whereas in the remaining 10 cases, the same ratio exceeded 0.60. Angelini et a19 also demonstrated a significant difference in isthmic size relative to other arch segments from postmortem measurements, with the isthmus being 25% smaller than the descending aorta, which was in turn 20% smaller than the ascending aorta. In the same study,9 the echocardiographic measurements obtained from 20 living human fetuses with normal cardiac anatomy were consistently larger and more closely resembled our own findings with mean isthmic and descending to ascending aortic ratios of 0.73 and 0.90, respectively. The discrepancy between echocardiographic and autopsy measurements may in part have been the result of alterations in vessel structure at the site of ductal insertion due to the fixation technique. Based on the original fetal lamb studies8 in which the descending aorta received nearly 70% of the combined ventricular output, with the main pulmonary artery and the ascending aorta each receiving 50%, a relatively larger mean descending to ascending aortic ratio might have been predicted; Angelini et a19 reported a mean ratio of 0.90 based on echocardiographic images in human fetuses; in the present study, the mean ratio was 0.96. This could suggest that in the human fetus, the bracheocephalic vessels receive a greater proportion of the left ventricular output, resulting in a smaller proportion traversing the proximal descending aorta. In addition, Angelini et al demonstrated a smaller diameter for the ductus arteriosus in the human fetus than previously thought, based on fetal lamb studies suggesting that there might be less flow traversing the ductus, We hope that the normal values for human aortic arch growth provided in this study will permit the identification of even minimal changes in aortic arch dimensions at different gestational ages. In particular, the transverse aortic and isthmic measurements should facilitate the prenatal diagnosis of coarctation of the aorta, particularly when accompanied by some degree of isthmic hypoplasia, as is often the case with coarctation presenting in infancy.'4 The calculation of left common carotid artery to transverse aortic ratio may well provide another clue to the in utero recognition of this entity.
Previous studies22'23 have shown that in normal infants, the ratio of left common carotid artery diameter to that of the transverse aorta is approximately 0.50, whereas in cases of infantile coarctation, the same ratio is 0.80-0.96. Similar left common carotid artery to transverse aortic ratios were observed in normal fetuses in the present study compared with ratios of >0.73 among the fetuses with coarctation. As with absolute measurements of aortic arch segments, this ratio is likely to be of greatest help in those instances in which some degree of hypoplasia exists proximal to the site of obstruction.
Cases in which a discrete contraductal shelf constitutes the only pathology, if such a form of coarctation exists in utero, may still remain difficult to detect, particularly if imaging of this site provides inadequate visualization of the relevant anatomic abnormality. In such instances, the indirect parameters of right heart size and Doppler flow patterns previously mentioned,18-20 perhaps in combination with color Doppler flow mapping,24 are presently the best indicators of in utero aortic arch obstruction.
Conclusions
This study provides a range of measurements for normal human fetal aortic arch development at different gestational ages. All aortic arch segments appear to grow in a linear fashion throughout the second and third trimesters and are relatively constant in proportion to each other. In five fetuses with documented coarctation of the aorta, measurements of transverse aortic and isthmic internal diameter fell below the third percentile for gestational age. The ratio of left common carotid to transverse arch diameter was also helpful in distinguishing the five cases with coarctation. In some patients, the prenatal diagnosis of aortic coarctation is likely to remain a challenge, requiring direct visualization of a contraductal shelf as well as assessment of right heart size and flow patterns on Doppler ultrasound.
